The physical bases for enhancement of growth rates induced by aun involve changes in cell wall strcture. Changes in the chemical composition of the primary walls during maize (Zea mays L. cv WF9 x Bear 38) coleoptile development were examined to provide a framework to study the nature of auxin action. This report documents that the primary walls of maize cells vary markedly depending on developmental state; polymers synthesized and deposited in the primary wall during cell division are substantially different from those formed during cell elongation.
Although alterations in the physical properties of the primary wall are clearly responsible for plant cell enlargement (1 1), the chemical bases for such alterations are far from understood. The wall is a highly organized matrix of extremely large, insoluble polymers. Much of our knowledge of this wall consists of only a partial catalog of the protein and carbohydrate polymers selectively extracted by solvents or by enzymic digestions. As a result of this interest in polymers that comprise the primary wall, concepts of the wall portrayed in several reviews are not necessarily those of generally static structures (13, 16, 29) . Substantial changes in the organization of the matrix polymers should be expected considering that plant cells may enlarge several hundred-fold, and cell surface functions may change during development and differentiation.
Despite expectations that changes in wall structure accompany development, there are few model systems to analyze these changes at the cellular level. Cell suspension cultures offer a possibility for study of wall development during the cell cycle, but lack of synchrony in cytokinesis hampers such applications. Even so, gross changes in wall composition are found during culture; walls of rapidly dividing cells during early logarithmic growth are substantially different from those of cells entering stationary phase where cell divisions have diminished and cell enlargement predominates (1) . Regions of elongation contain a small number of cells that enlarge synchronously, but some care must be exercised to discern changes in primary wall from 1 Supported by Grant PCM 8204221 from the National Science Foundation. Journal paper No. 9865 of the Purdue University Agriculture Experiment Station. changes in deposition of secondary wall constituents. Coleoptile tissues were chosen because they are classic tools for study of auxin action that provide cells with mostly primary wall.
The hemicellulosic constituents of primary walls of Graminaceous species such as maize are unique from dicots and other monocots in that, instead of xyloglucans, the most abundant polymers are (I-4)--D-xylans substituted primarily with terminal a-L-arabinofuranosyl, a-D-glucuronosyl, and 4-0-methyl-a-D> glucuronosyl side groups (13, 16) . Other constituents include MG2, which is an unbranched polymer containing both (1-3)-and (I-4)--D-glucosyl linkages, and a xyloglucan resembling that of dicots (20) . Recently, the glucuronoarabinoxylans of elongating Zea coleoptiles were resolved into three groups (GAX I, GAX II, and MG-GAX) that varied in the degree of arabinosyl substitution and apparent interaction with MG and xyloglucan (8) .
Evidence that the composition of the coleoptile wall changes during cell enlargement comes primarily from studies with excised tissue sections. Several independent observations have confirmed that the walls of cereals are capable of 'autolysis', and the primary result is the net loss in content of MG (18, 21, 25) .
Darvill et al. (14) have also demonstrated that the glucuronoarabinoxylans are released from minced sections during cell expansion. Detailed Coleoptiles were homogenized and washed sequentially as described previously. Material was shell-frozen and lyophilized. Lyophilized walls (about 60 mg) were stirred vigorously for 24 h at ambient temperature in 20 ml of DMSO to remove starch (8, 24) , and small amounts of pectic substances were extracted in 20 ml 0.5% (w/v) ammonium oxalate (pH 6.5) at 100C two times for 1 h each. The material was stirred vigorously every 10 to 20 min to prevent accumulation of wall material at the surface of the solution. After centrifugation, the insoluble material was washed once with H20, shell-frozen, and lyophilized.
Hemicellulosic polymers were solubilized in step-wise extractions with increasing concentrations from 0.01 to 4 N KOH supplemented with 3 mg/ml NaBH4. Lyophilized wall material (50 mg) was suspended in 20 ml of each KOH solution and stirred vigorously for 1 h under N2. Unextracted material was pelleted by centrifugation and suspended in the next KOH solution. The supernatant containing the extracted material was filtered through Whatman GF/F glass-fiber filter paper, and the filtrate was neutralized with glacial acetic acid. Samples were taken for analysis of total sugar (15) and uronic acid (19) , and the remainder was dialyzed against running deionized H20 for at least 18 h, shell-frozen, and lyophilized.
Chemical Analysis. For analysis of neutral sugar composition, wall material was hydrolyzed in 2 N TFA containing 1 Amol of myo-inositol (internal standard) for 90 min at 12 1C. The TFA was evaporated in a stream of N2, and sugars in the residue were reduced and acetylated according to a procedure modified from that of Blakeney et al. (4) . Sugars were dissolved in100 Al of 1 N NH40H and 0.5 ml of 20 mg/ml NaBH4 in DMSO (w/v) and incubated at 45C for 90 min with occasional vortex mixing.
The solution was neutralized with100 Al of glacial acetic acid, and then 100 Al of 1-methylimidazole (Sigma) followed by 0.5 ml of acetic anhydride were added, and the mixture was incubated at ambient temperature for 10 min. Water (2.5 ml) was added to destroy unreacted acetic anhydride, and when cool, the alditol acetates were partitioned into CH2Cl2. The incubated for up to 9 h in unlabeled buffer containing 1 mM Dglucose. Operations were performed with the aid of plastic transfer baskets, and excess rinse and chase media were blotted onto paper pads between steps. Samples were taken at the end of the pulse, and 3, 6, and 9 h of incubation in unlabeled medium.
Sections were frozen in liquid N2, and wall material was prepared as described above. Samples for radioactivity were suspended in 12 ml of ACS (Amersham) and assayed by liquid scintillation spectroscopy with a Beckman LS-100 spectrometer.
Gel Chromatography. For chromatography on Sepharose 4B-200, 1 to 3 mg of wall material were dissolved in 0.5 ml 1 N NaOH under N2. Two hundredgl of 0.2M Tris-Cl (pH 8.6) plus 0.2 M KCI and 0.5mlof 1 N HCI were added, and the mixture was centrifuged to remove a small amount of undissolved material. The supernatant was applied to a 2.5-x 60-cm column of Sepharose 4B-200 equilibrated in 0.2 M Tris-Cl (pH 8.6) plus 0.2 M KCI. Fractions (2.5 ml) were collected, and samples were assayed for sugar by the phenol-H2S04 method (15) . In parallel experiments, wall materials weredissolved in 2 N NaOH under N2,diluted with H20 to 1 N, and applied to a 2.5-x 60-cm column of Sepharose CL-4B-200 equilibrated in 1 N NaOH. Fig. 1) . During this time, the embryonal coleoptile elongates from about 2 mm to about 43 mm. Fresh weight increases concomitantly, and the amounts of cell wall material increase from about 0.2 mg to about 2.6 mg in the fully elongated coleoptile (Fig. 1) .
Analysis of these fundamental parameters indicates that substantial changes in cell growth physiology must accompany coleoptile elongation. For example, the ratio of fresh weight to dry After length and fresh weight determinations, coleoptiles were frozen and lyophilized for determination of dry weight. Soluble material in dry coleoptiles was extracted with 80% ethanol (v/v) at 80'C, and insoluble material was washed with water, frozen, and lyophilized. The dry weight (U) of the ethanol-soluble fraction (ES wt) was computed from the difference between total dry weight and ethanol-insoluble material. Purified walls (0) were prepared from the ethanol-insoluble material and were lyophilized. Inset: Comparisons of the ratios of fresh weight to total dry weight (0) and wall weight to total dry weight (0). Values were computed from data in Figure I and total dry weight.
weight increases over 2-fold during elongation, an indication of a general dilution of cytoplasmic constituents concomitant with vacuolation ( Fig. 1, inset) . Much of the sugar accumulated in the coleoptile remains in a soluble fraction. In fact, when the coleoptile has completed elongation, the weight of the soluble fraction is more than twice that of the cell wall fraction (Fig. 1) ; the ratio of wall weight to total dry weight decreases almost 2-fold during elongation (Fig. 1, inset) . The (Fig. 1, inset) .
A long history of studies of coleoptile physiology, particularly with respect to auxin action and water relations in excised tissues, has resulted in numerous controversies as to growth limiting parameters under auxin control. Contemporary hypotheses implicate 'wall loosening' as the major result of auxin action, and several studies have correlated auxin-induced wall loosening with hydrolysis of hemicellulosic polymers in the primary wall (21, 25, 31 (8, 24) and ammonium oxalate to solubilize pectic substances; hemicellulosic polymers were extracted with increasing concentrations of KOH (supplemented with 3 mg/ml of NaBH4). The extracts were dialyzed and lyophilized; the a-cellulose was washed twice with water after 4.0 N KOH treatment Values are mean weight % ± SD of determination of at least three independent wall extractions.
Fraction
Coleoptile Age (d) starch increases markedly during early development, whereas wall polymers do not change substantially in relative proportion (Table I) celluloses extracted by step-wise increases in KOH concentration were pooled into weak, moderate, and strong alkali-extractable material (Fig. 2) . As previously reported, a fraction extracted by dilute alkali, called GAX I, comprised a xylan highly substituted with t-arabinofuranosyl and t-glucuronosyl units and was resolved from a second group ofxylans (GAX II) with considerably less substitution (8) . Most of the MG and xyloglucan was extracted by 2 to 4 N KOH (8) . Relative proportions of these fractions change markedly during coleoptile development (Fig.  2) . Amounts of GAX I, in particular, increase during early elongation, but decrease when elongation diminishes at 4 d; GAX II is relatively abundant in the embryonal coleoptile, but decreases during cell enlargement (Fig. 2) .
Not only do the relative amounts of each of these fractions change, but there are also qualitative changes in the polymers that comprise these fractions. Most notably, there is a decrease in the proportion of uronic acid comprising each fraction and a large increase in the proportion of glucose in both the GAX II and MG-GAX fractions (Table II) . From methylation analyses of neutral sugar components, additional changes are revealed in the proportions of specific sugar linkage groups that comprise each of the three fractions (Table III; Fig. 3 , a, c, e). The GAX I and II of the embryonal coleoptile wall are particularly enriched in 5-arabinosyl linkages, and the proportion of these linkages decreases markedly during development (Table III; Fig. 3, a, c) . Additional changes in GAX II accompany development. GAX II of embryonal coleoptile walls is similar to GAX I with respect to substitution of the xylan with arabinosyl linkages (Table III) . During development, the proportions of t-arabinosyl and 2,4-and 3,4-xylosyl linkages decrease markedly with a concomitant increase in the unbranched 4-xylosyl unit (Table III) , and this results in a substantial decrease in the ratio of branched to unbranched xylan (Fig. 3d) .
Both GAX II and MG-GAX contain measurable glucosyl residues even in the embryonal walls (Table II and III) . The embryonal material is enriched in 4-and 4,6-glucosyl and the corresponding t-xylosyl units that indicate the presence of xyloglucan, whereas amounts of 3-glucosyl residues from MG are negligible (Table III) . During coleoptile enlargement, the proportion ofpolymers comprised of3-and 4glucosyl linkages increase markedly; the relative amounts of 4,6-glucosyl units do not change substantially (Table III ; Fig. 3, c, e) . Like GAX II, changes in MG-GAX during development are characterized by decreases in 5-arabinosyl and t-arabinosyl and the corresponding branched xylosyl residues that result in a decrease in the ratio of branched to unbranched xylosyl units (Table III ; Fig. 3 , e, f). Changes in wall composition observed with respect to coleoptile age are repeated to a small degree with respect to cell position. GAX I and GAX II ofthe 2.5 d coleoptile tip are slightly enriched in uronic acid, and glucosyl residues increase in relative abundance in enlarged cells in the basal portions of the coleoptile (Table IV) . The increase in glucosyl residues is primarily a result of increases in 3-and 4-glucosyl units from MG (Table V) . Estimations of Polymer Accumulation. Although it is generally acceptable to present data from wall linkage analyses as a mol fraction of the wall material weight, it is perhaps more informative to attempt to quantify the rate of accumulation of specific polysaccharides. To deduce polymer structure from linkage analyses a priori requires some assumptions; even so, there is enough reliable information on the structure ofthe major hemicellulosic constituents purified from Graminaceous species that some reasonable assumptions can be made (for reviews, see 13, 29) . The total weight ofthe wall material and the proportion ofthat weight in hemicellulose are known ( Fig. 1; Table I) ; hemicellulosic linkages were then subgrouped into five major fractions based on the known polymers found in grasses and cereals, including maize (13, 16, 20, 29) . Glucuronoarabinoxylans are the most abundant polymers of the maize wall and were considered comprised of all of the uronic acid, t-arabinosyl, 4-xylosyl, and 2,4-and 3,4-xylosyl residues extracted by 0.1 N KOH and greater ( Fig. 2 ; Table III ). The small amounts of other linked and branched arabinosyl units, and the galactosyl units were also included in this GAX fraction. A (1-5-galactosyl-#-D-arabinosyl side chain from xylan was identified from several species of grasses (6, 30) . Therefore, some of the 5-arabinosyl is probably attached to the xylan chains; the 5-arabinosyl was considered separately because amounts were not strictly stoichiometric with t-galactosyl derivatives and varied greatly with respect to mol fraction as a function of coleoptile age (Fig. 3) . No attempt was made to differentiate between GAX that contained galactosyl derivatives from those that did not, even though both kinds of polymers are found in grasses and cereals (2, 5, 23) . The highly substituted GAX was computed as the proportion ofappropriate linkages in material released by 0.08 N KOH and lower ( Fig. 2 ; Tables II and III) . Mixed-linked glucans have also been purified from several Graminaceous species (7, 14, 20, 27, 31) . The glucans are all unbranched homopolymers of (1-3)-and (1-4)-p-D-glucosyl residues, but ratios of 3-to 4-glucosyl may vary somewhat depending on the maturity of the tissues and perhaps on the degree of contamination with cellulose. Ratios of 3-to 4-glucosyl are generally 1:2 to 1:4, and for estimates here, MG purified from similar tissues had ratios of about 1:3 (20, 27, 31) ; this latter factor was used to estimate the proportion of4-glucosyl in MG (Table III) . Finally, a xyloglucan resembling that found in walls of dicotyledonous species was identified in coleoptile tissues and was comprised of t-xylosyl, 4-glucosyl, and 4,6-glucosyl residues (20) . Xyloglucan is clearly a component of the maize coleoptile wall, but the amounts of t-xylosyl were not always stoichiometric with amounts of 4,6-glucosyl, and no 2-xylosyl residues were found to account for this difference. (Fig. 1) were methylated, hydrolyzed in 2 N TFA, and reduced with NaBD4 and acetylated according to Blakeney et al. (4) . Derivatives were separated in a 0.2-mm x 30-m SP-2330 vitreous silica WCOT capillary column (Supelco) in a temperature program of 170'C to 240-C at 2'C/min. The split ratio was 50:1 with a helium carrier gas flow of 1.5 ml/min. Derivatives identified by relative retention time and electron impact MS were quantified from both total ion counts corrected to mol % according to the effective carbon response (28) and recoveries of alditol acetates (Table II) . concentrated alkali, and hence, the last subfraction comprised all of the t-xylosyl, 4,6-glucosyl, and the remainder of the 4-glucosyl and was considered 'xyloglucan and other material.' Even though GAX I, GAX II, and MG-GAX materials were those represented by the shaded areas in Figure 2 , for these computations, the mol fractions of all polymers in GAX I was considered material extracted by 0.08 N KOH or less; GAX II was considered material extracted by 0.1 N KOH through 1.0 N KOH; and MG-GAX material was that extracted by 2.0 N KOH and greater (Fig. 2) . The mol fractions of each derivative of the neutral sugar (Table III) and uronic acid (Table II) were then converted to mg/coleoptile based on the proportion of the hemicellulosic material comprising each GAX and MG-GAX fraction (Fig. 2) . It is likely that minor components of the hemicellulosic fractions were overlooked here and erroneously included in one of the five groupings, but it is unlikely that they would affect the estimate substantially.
Embryonal coleoptile hemicellulose is predominately glucuronoarabinoxylan, xyloglucan, and possibly other glucans (Fig.  4) . The 5-arabinosyl residue is also high in proportion, comprising over 16% of the GAX II (Table III) , but actually constitutes about 10 to 20 ,g ofhemicellulosic material and does not change appreciably during enlargement (Fig. 4) . On the other hand, MG is virtually absent from embryonal hemicellulose, accounting for less than 25 ,gg by 2 d. Amounts then increase almost 10-fold by 3 d and an additional 3-fold by 4 d (Fig. 4) . The amounts of highly substituted xylan also increase substantially during early elongation, but rates of synthesis diminish as elongation ceases and represent the only polymers that do not increase proportional to wall mass (Fig. 4) .
Results here are in general agreement with those reporting the composition of the major polymers of primary walls of Graminaceous species, but they contradict reports that elongation results in losses of glucan from walls of auxin-treated tissues (21, 25) . These latter reports exclusively investigate excised tissues incubated in limiting sugar supply, and results reflect only the net accumulation of any particular polymer. Thus, in the presence of adequate supply of substrate, the rates of synthesis and deposition in vivo of MG and other polymers must be greater than rates of hydrolysis and turnover.
The high proportion of 5-arabinosyl linkages in the embryonal wall coupled with the apparent lack of their synthesis and the substantial increase in MG during elongation most strikingly illustrate a change in the organization of primary wall during growth (Table III; Fig. 4 ). Because the embryonal coleoptile is primarily a result of cell division and expansion associated only with division, perhaps polymers enriched with 5-arabinosyl are synthesized and secreted specifically during phragmoplast formation, for example, and are not involved per se with the cell enlargement events that constitute coleoptile elongation. Consistent with this observation, cells of proso millet (Panicum miliaceum cv Abarr) in a rapidly dividing suspension culture are also enriched in polymers containing 5-arabinosyl linkages (data not shown). On the other hand, MG is a polymer that is associated directly with elongation events.
Properties of GAX I. The waning accumulation of the highly substituted glucuronoarabinoxylan suggests that this fraction may exhibit turnover. Pulse-chase studies have proven difficult because of both isotope dilution and accumulation of ['4C] glucose in apparent vacuolar pools; these problems have plagued others in similar studies (3, 10) . Coleoptile sections pulse-labeled for 3 h were transferred to unlabeled media and incubated for up to 9 additional h. By 9 h, the total radioactivity from [14C] glucose in the soluble sugar pool was reduced to only 65% of that at the beginning of the chase (data not shown). Thus, radioactivity slowly accumulated in wall end product during the Figure 2 . These materials were dialyzed and lyophilized, and partially methylated alditol acetates were prepared and quantified as described in Table III Subfractions ofColeoptile Sections Coleoptiles were excised from seedlings incubated at 28°C in darkness for 2.5 d. Two-to 3-mm sections of the coleoptile tip (section 1), the next 7.5-mm section (section 2), and the remaining 5-mm fully elongated section (section 3) were homogenized in 50 mm Tes (pH 7.2) and wall material was prepared as described in Table I . Hemicellulosic fractions from KOH gradient extraction (Fig. 1) , and neutral sugars and uronic acids were quantified as described in Table II (Fig. 1) were prepared as described in Table IV , and partially methylated alditol acetates were prepared from these subfractions and quantified as described in Table II (Fig. 1) , weight fraction of hemicellulose (Table I) , and deduced from analyses of neutral sugar derivatives and uronic acids ( Fig.  2 ; Tables II and III) chase. Nevertheless, some of the GAX I clearly exhibited turnover, while MG-GAX and, to a lesser extent, GAX II continued to accumulate radioactivity (Fig. 5) . These data indicate at least two possibilities: (a) GAX I is simply a precursor of MG-GAX and GAX II xylan, or (b) some GAX I is material released from MG-GAX and is hydrolyzed to return carbon to a cytoplasmic metabolic pool. The former possibility is more plausible considering the high degree of arabinosyl substitution of the GAX I xylan. The M KCI. Fractions (2.5 ml) were collected and sampled for carbohydrate (15) . Samples were GAX I of coleoptiles from seedlings incubated 1, 2, or 4 d in moist vermiculite in darkness at 28°C. the xylans more water soluble during synthesis and secretion, and the uronic acids may serve to esterify the GAX into a loosely organized matrix as described for wheat endosperm walls (22) . In situ processing of these highly substituted xylans could render the polymers recalcitrant to alkali extraction by subsequent loss of arabinosyl linkages; increases in the proportion of unbranched (14)-f3-D-xylosyl residues could result in tighter hydrogen bonding as indicated by in vitro cellulose binding studies (8) . Arabinose hydrolyzed from the polymers can also return carbon to S OF MAIZE 211 polymer synthesis through an arabinokinase salvage pathway known to function in the maize coleoptile (10) . In addition to changes in composition with respect to the relative abundance of specific polymers, there are additional modifications in physical structure as well. GAX I from embryonal coleoptile walls contains large amounts of material that is excluded by a column of Sepharose 4B-200 (exclusion limits are >1 x 106 for dextrans); as the coleoptile develops, this material is lower in abundance relative to material now included by the column (Fig. 6) . Except for the decrease in 5-arabinosyl linkages, no major differences in the composition of the GAX I polysaccharide were detected (Tables II and III) . Although polysaccharide is, by far, the most abundant material of the wall, wall protein and phenolic substances could participate in crosslinking the hemicellulosic material (12, 17, 22) . In fact, acidic NaC102, which is known to hydrolyze such phenolic crossbridges (17) , renders most of the hemicellulosic material in the maize coleoptile extractable in dilute alkali (9) . The behavior of the hemicellulosic polysaccharide in the step-gradient of alkali may reflect an interaction of polysaccharide and cross-linking polymers as well as the composition of those polysaccharides. The nature of such interactions is presently under investigation.
